Experimental Section
All chemicals were of reagent grade or better and used as received.
Atomic force microscopic (AFM) images were obtained using a NanoScope ® IIIa multimode atomic force microscope (Veeco Instruments, USA) in tapping mode to simultaneously collect height and phase data.
Dynamic light scattering (DLS) measurements were performed using a Malvern Ζetasizer Nano ZS apparatus (Malvern, UK).
Cell Culture
A549 cells (human lung adenocarcinoma epithelial cell line) and HeLa cells (human cervical epithelioid carcinoma) were purchased from ATCC (Manassas, VA). All cells were cultured in RPMI 1640 medium (ATCC, Manassas, VA) supplemented with 10% FBS and 100 IU/mL penicillin-streptomycin (Cellgro, Manassas, VA).
Preparation of Building Units and DNA nanohydrogels
Stoichiometric quantities of the ssDNA strands for the Y-shaped monomer A (YMA), Y-shaped monomer B (YMB), and DNA linker (LK) were separately added to three Eppendorf (EP) tubes with a buffer solution containing TM buffer (20 mMTris, 10 mM MgCl 2 , pH 7.5). Then each mixture was heated to 95 °C for 5 min and cooled to room temperature over 4 h to form the desired building units.
For preparation of DNA nanohydrogels, in a typical experiment, a stock solution of the building units was prepared, in which stoichiometric amounts of YMA, YMB and LK were added in TM buffer. The ideal molar ratio of YMA to linker is 1:1.5, and that of YMB to linker is 2:1. After 4 μM of YMA and 1 μM of YMB were mixed with 6.5 μM of DNA linker, the mixture was heated to 95 °C for 5 min and cooled to room temperature over 4 h to form the DNA nanohydrogels. The DNA nanohydrogels were then washed with doubled stilled H 2 O, precipitated by centrifugation, and stored at 4 °C for future use.
Agarose gel electrophoresis
Each DNA sample (10 μL) was mixed with 6x loading dye (2 μL) and analyzed using 3% agarose gel at 100 V for about 30 min in 1x TBE buffer (89 mMtris(hydroxymethyl)aminomethane, 2 mM ethylenediaminetetraacetic acid and 89 mM boric acid, pH 8.0). The bands were stained with ethidium bromide (EB), visualized by UV illumination (312 nm), and photographed by a digital camera.
Enzymatic stability of the DNA nanohydrogels was monitored by agarose gel. Prior to gel loading, Ygel-Apt was incubated in the buffer with 10% FBS in a 37 °C water bath for the specified amount of time.
Binding assay using flow cytometry
Cells were plated in a 35 mm cell culture dish (Corning Incorporated, Corning, NY, USA) and grown to around 80% confluency for 24 h before the experiments. Cells were washed twice with 1 mL PBS containing 5 mM MgCl 2 and then incubated with the proper Y-gel, Y-gel-lib and Y-gel-Apt at the desired concentration for 2 h at 37 °C in 5% CO 2 . After incubation, cells were washed with washing buffer three times, treated with 500 μL trypsin for 3 min, dispersed in 500 μL PBS and finally subjected to flow cytometry analysis using a FACScan cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). Fluorescence was determined by counting 10,000 events, and data were analyzed with FlowJo software.
Confocal laser-scanning microscopy imaging
Cells were plated in a 35 mm confocal dish (coverglass-bottom dish) (MatTek Corp., Ashland, MA, USA) and grown to around 80% confluency for 24 h before the experiment. Cells were washed twice with washing buffer, and then incubated with the Y-gel and Y-gel-Apt for 2 h at 37 °C in 5% CO 2 , followed by washing twice with washing buffer. For the colocalization study, 10 μM lysosensor was added for specific staining of the lysosomes of cancer cells during the last 0.5 h of the 2 h incubation. Then cells were stained with Hoechst 33342 for 15 min. Cells were next washed three times with 1x PBS and resuspended in 200 μL of binding buffer.
All cellular fluorescent images were collected on a Leica TCS SP5 confocal microscope (Leica Microsystems Inc., Exton, PA) with a 40× oil immersion objective. A 408 nm argon laser was the excitation source for Hoechst 33342. A 488 nm argon laser was the excitation source for lysosensor, while a 543 nm argon laser was used for excitation of TAMRA dye.
Here, TAMRA was used as the fluorophore because FITC is pH-sensitive, and its fluorescence can be dramatically reduced in an acidic environment inside living cells. A colocalization assay was used to pinpoint the destination of Y-gel-Apt inside living cells.
In vitro cell toxicity assay
The cytotoxicity of Y-gel and Y-gel-Apt for each individual type of cell was evaluated using the Cell-Titer 96 proliferation assay (Promega, Madison, WI, USA). Briefly, a sample of A549 or HeLa cells (5×10 3 cells per well) was seeded into each test well on a 96-well plate. After 24 h, medium was removed from the well, and another 50 μL of fresh medium was added. Then Y-gel and Y-gel-Apt at the desired concentration in 50 μL of fresh medium were added to the well. After 24 h treatment, medium was removed from the well, and another 100 μL of fresh medium was added for additional 24-hour incubation. Finally, CellTiter reagent (20 μL) diluted in fresh medium (100 μL) was added to each well and incubated for 1 h after removing cell medium. The 96-well plate was subjected to absorption measurement at 490 nm using a plate reader (Tecan Safire microplate reader, AG, Switzerland). Cell viability was calculated as described by the manufacturer.
Western blot analysis
A549 and HeLa cells were grown for 24 hours as described on 100 mm tissue culture plates until 70-90% confluent prior to treatment with Y-gel and Y-gel-Apt. Total cellular protein was harvested utilizing CelLytic ™ cell lysis Reagent (Sigma-Aldrich Co.) and complete protease inhibitors (Roche Biochemicals).
Protein concentrations were measured by a modified Bradford assay (Pierce Biotechnology).
Fifty μg of total protein for each sample were mixed with 4x NuPAGE LDS sample buffer and heated at 70 °C for 10 min. The proteins were separated on 4-12% NuPAGE ® Bis-Tris gels (Life Technologies) with 1x NuPAGE MOPS SDS running buffer and then electrotransferred onto a PVDF transfer membrane with NuPAGE transfer buffer at 30 V for 1 h. The membranes were blocked with 5% nonfat dry milk in PBS buffer containing 0.2% Tween 20 (PBST) for 1 h at room temperature. The membranes were probed overnight at 4 °C with rabbit anti-MMP-9 antibody (Millipore) in PBST containing 5% nonfat dry milk.
After three successive washings with PBST for 10 min, the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibody in PBST containing 5% nonfat dry milk for 1 h at room temperature. After three successive washings with PBST for 10 min, protein signals were developed with a SuperSignal West Dura Extended Duration Substrate kit. Protein expressions were determined using a Super Signal chemiluminescence system (ECL, Pierce), followed by exposure to autoradiographic film.
In vitro cell migration assay
The assay was performed on 12-well plates coated with the extracellular matrix protein, fibronectin (Gibco).
After transfection, A549 cells were grown to confluent monolayers in a 12-well plate for 24 h; then the monolayers were disrupted by scraping them with a sterile P200 micropipette tip and cultured for 24 h. The migration ability of the cells was evaluated by measuring the width of the wounds. Each assay was performed in triplicate in three independent experiments. 
Characterization of building units
To demonstrate the precise self-assembly of this modular approach, agarose gel electrophoresis was used to examine the formation of each single building unit. The smaller mobility of monomers and LK was observed relative to ssDNA and partially assembled ssDNA ( Figure S1 ) . Analysis by 3% agarose gel electrophoresis. Lane 0 is the DNA marker; lanes 1-3 are ssDNAs for YMA, ay1, ay2, and ay3, respectively; lanes 4-6 are the partial assemblies containing only two of the three strands, ay1 + ay2, ay1 + ay3, and ay2 + ay3, respectively; lane 7 is YMA; lanes 8 and 9 are the ssDNAs for YMB, by2 and by3, respectively; lanes 10-12 are the partial assemblies containing only two of the three strands, ay1+ by2, ay1+ by3, and by2 + by3, respectively; lane 13 is YMB; lines 14 and 15 are ssDNAs for the DNA Linker, lk1 and lk2, respectively; lane 16 is the DNA linker.
Size distribution from AFM images Figure S2 . hydrogel nanoparticles size distribution from AFM images: (a) 4:1 (NP-1); (b) 3:1 (NP-2); (c) 2:1 (NP-3).
Degradation of nanohydrogels in the reductive environment Figure S3 . Analysis by 3% agarose gel electrophoresis. Lanes 1-3 are DNA nanohydrogels, YMA and DNA linker in PB buffer, respectively. Lanes 4-6 are DNA nanohydrogels, YMA and DNA linker in PB buffer with 5 mM GSH.
Nonspecific enzymatic degradation
To investigate resistance to nonspecific enzymatic degradation, we incubated DNA nanohydrogels in the presence of 10% fetal bovine serum (FBS) to closely mimic physiological conditions. DNA nanohydrogels were intact after exposure to FBS for 4 hours, indicating that DNA nanohydrogels are stable against nuclease degradation in biological media ( Figure S3 ). This result is consistent with previous reports indicating that the formation of DNA nanostructures have led to enhanced nuclease resistance. 1 Therefore, this GSH-responsive DNA nanohydrogel should be regarded as a promising platform for intracellular gene delivery. Figure S4 . Analysis by 3% agarose gel electrophoresis of DNA nanohydrogels after incubation in 10% fetal bovine serum (FBS) (non-heat inactivated) at 37 °C for 0-4 hours. Lanes 1-3: 0 h, 2 h, and 4 h, respectively.
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